Leuconostoc mesenteroides UL5 was found to produce a bacteriocin, referred as mesenterocin 5, active against Listeria monocytogenes strains but with no effect on several useful lactic acid bacteria. The antimicrobial substance is a protein, since its activity was completely destroyed following protease (pronase) treatment. However, it was relatively heat stable (100°C for 30 min) and partially denaturated by chloroform. The inhibitory effect of the bacteriocin on sensitive bacterial strains was determined by a critical-dilution micromethod. Mutants of L. mesenteroides UL5 which had lost the capacity to produce the bacteriocin were obtained. The mutant strain was stable and phenotypically identical to parental cells and remained resistant to the bacteriocin. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was used to detect bacteriocin activity corresponding to an apparent molecular mass of about 4.5 kDa.
The lactic acid bacteria represented by lactococci, lactobacilli, pediococci, and leuconostocs contribute to flavor development, as well as preservation of foods. Preservation is generally induced by organic acid formation, and the resulting pH decrease exhibits an antagonistic effect on microbial contaminants. Since organic acids do not invariably destroy spoilage organisms and pathogens (4) and a high level of acidity is not desirable in some products (25) , the efficiency of organic acids as antimicrobial agents is relatively less significant in some cases.
Listeria monocytogenes has been recognized as a major food-borne pathogen with the ability to survive in various environmental conditions, such as refrigeration (15) , at pHs as low as 3.6 in foods (24) , in salt concentrations of up to 10% (22) , in the presence of surfactant sanitizers (13) , and at high temperatures (11, 21) . In the latter case, it was recently shown that heat-stressed L. monocytogenes strains could be recovered from experimentally contaminated shrimps boiled for up to 5 min (21) . L. monocytogenes has also been encountered in fermented products (cheese, yogurt, fermented milk, sausage) made from raw materials contaminated with the organism (4) . All of these indicate that traditional methods of preservation are not sufficient to prevent growth of L. monocytogenes in foods.
Therefore, investigation of bacteriocins which inhibit pathogens, such as L. monocytogenes, becomes particularly attractive for the food industry. In fact, it has been shown that lactic acid bacteria could inhibit undesirable microorganisms through bacteriocins. Interest in the identification and characterization of bacteriocins of lactic acid bacteria has grown fairly rapidly in the last few years. The various bacteriocins have shown great diversity in their effects on bacterial species (8, 19, 26, 29, 31) . Nisin, a bacteriocin that is generally regarded as safe and is produced by certain strains of Lactococcus lactis subsp. lactis, is the only bacteriocin that has been approved for food use in some countries (9, 12) . It The general objectives in searching for a desirable bacteriocin are that it be produced extracellularly in sufficient quantities from a food-safe organism and that it effectively antagonize undesirable bacteria which contaminate the foods.
In our previous study on bacteriocin production by lactic acid bacteria (unpublished data), several gram-positive bacteria were screened for the ability to produce bacteriocin against L. monocytogenes. The main objective of this study was to characterize the mesenterocin 5 secreted by Leuconostoc mesenteroides UL5 and investigate its production in batch culture. A critical-dilution micromethod was used to define bacteriocin activity.
MATERIALS AND METHODS
Bacterial strains and media. L. mesenteroides UL5 was isolated from local Cheddar cheese and maintained as a part of our culture collection. It was characterized by its carbohydrate fermentation profile using API 50 (API Division of Sherwood Medical, Plainview, N.Y.) at both our laboratory and the Veterinary Pathology Laboratory of Agriculture Canada (St.-Hyacinthe, Quebec). For production of bacteriocin, single colonies were inoculated into MRS broth (Difco Laboratories, Detroit, Mich.) and incubated overnight at 30°C. A 1% inoculum of this overnight culture was added to an appropriate volume of fresh MRS broth, and the bacteriocin produced by this culture was tested in various assays as described below. Listeria In the first method, 50-ml aliquots of culture supernatant were made up to 60% saturation by addition of ammonium sulfate (Fisher Scientific, Fair Lawn, N.J.) and kept overnight at 4°C with gentle stirring. After centrifugation (10, 000 x g, 20 min, 4°C), the sedimented pellet was recovered and suspended in 3 ml of 0.1 M potassium phosphate buffer at pH 6. The pellet suspension was dialyzed at 4°C with a dialysis membrane with a 3.5-kDa cutoff against 1.0 liter of 0.1 M potassium phosphate buffer at pH 6 for at least 18 h with two changes of buffer. After dialysis, the solution in the dialysis bag was sterilized by filtration through a 0.2-,um-pore-size filter (Sigma Chemical Co., St. Louis, Mo.). This cell-free extract was tested for bacteriocin activity against indicator bacteria by using a well diffusion assay (3, 27) . A fresh overnight culture of indicator bacteria (200 ,ul) grown in an appropriate broth was mixed with 3 ml of fresh medium containing 0.7% agar (soft agar), cooled to 45°C, and poured into a petri dish which contained 20 ml of 1.5% agar medium. The soft agar was allowed to solidify, thus generating a potential mat of the indicator bacteria. With the broad end of a sterile Pasteur pipette, several wells were punched out of the agar. The resulting agar "buttons" were removed, and a drop of soft agar was placed into each well to plug the bottom of the well. The wells were then filled with the bacteriocin solution (100 ,ul). The plates were incubated for 18 h at optimal temperatures for the indicator bacteria. At the end of the incubation period, the diameters of the inhibition zones were measured.
For ultrafiltration, 10 ml of a cell-free culture of L. mesenteroides ULS was passed through a type YM membrane with a 3-kDa cutoff by using a standard cell model (Amicon Corp., Danvers, Mass.) and concentrated to a final volume of 2 ml. To exclude inhibitory effects of hydrogen peroxide or organic acids, the concentrated supernatant was washed twice with 10 ml of 0.1 M potassium phosphate buffer at pH 6. The bacteriocin activity in the retentate was determined by the well diffusion assay described above. The pH of the ultrafiltration retentate was measured before and after washing.
Bacterial cell lysis. The method used for bacterial cell lysis was adapted from the method of Arora et al. (2) . An overnight culture of L. mesenteroides UL5 (100 ml) was centrifuged at 10,000 x g for 20 min at 4°C, and the cell pellet was suspended in 100 ml of 0.1 M phosphate-buffered saline (pH 7). The centrifugation and washing were repeated, and the cells were pelleted once more. Then, 10 ml of phosphatebuffered saline and 5 g of glass beads (425 to 600 ,um in diameter; Sigma) were added to the cell pellet and agitated on a G10 Gyratory shaker (New Brunswick Scientific Inc., Edison, N.J.) at 200 rpm and 4°C for 1 h. The suspension was centrifuged, and the supernatant was recovered for determination of antagonistic activity.
Bacteriocin activity assay. Bacteriocin activity was determined by a critical-dilution micromethod using a microtiter plate (10 (10) . In our experiments, we observed that mesenterocin 5 activity was proportional to the bacteriocin concentration. Therefore, MIC and MBC were directly determined from bacteriocin activity. The results shown (see Table 1 ) were calculated by using a dilution factor to account for the volume of the inoculum added. The dilution factor was 125/175 and was based on the fact that a 50-pI inoculum of listeriae was added to 125 ,u of TSY medium.
The activity of mesenterocin 5 SDS-PAGE analysis. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) on a continuous gradient gel was used to separate low-molecular-weight proteins (5, 18) . In the present study, L. mesenteroides strains were grown in MRS broth supplemented with 2% yeast extract. Fivefold-concentrated samples obtained by ultrafiltration, with or without antimicrobial activity (the latter corresponding to the mutant strain lacking a bacteriocin effect), were then mixed in a 1:1 ratio with sample buffer (4.6% SDS, 10% ,-mercaptoethanol, 20% glycerol, 1.5% Tris base, 1% bromophenol blue) and heated at 100°C for 3 min. Forty-microliter samples were then subjected to SDS-PAGE on a 10 to 25% gradient gel using standard proteins as molecular weight markers (MW-SDS-6000SA; Bethesda Research Laboratories, Gaithersburg, Md.). After overnight electrophoresis at 90 V, the gel was removed and cut into two vertical parts. The first half, containing active and mutant samples and molecular weight standards, was fixed and stained with Coomassie blue R-250. The other half, containing only the active and mutant samples, was fixed immediately for 2 h in a solution of 20% isopropanol and 10% glacial acetic acid and washed in deionized water for 4 h. This gel was aseptically placed in a sterile petri dish, rinsed abundantly with sterile water, and overlaid with approximately 60 ml of TSY soft agar containing 5 ml of an overnight culture of L. ivanovii 28 diluted 100-fold. The plate was incubated at 30°C for 18 h and examined for zones of inhibition. RESULTS Nature of the antibacterial substance. The activity of the bacteriocin produced by L. mesenteroides UL5 was neutralized by protease (pronase) treatment but was resistant to heat (Fig. 1) . The antibacterial compound was affected little after heating for 30 min at 100°C, clearly indicating that the active substance is a heat-stable protein. There was a partial reduction of bacteriocin activity after chloroform treatment (data not shown).
Mesenterocin 5 was tested to determine whether or not its activity was similar to that of lysozyme and whether it could lyse the target bacteria through lysozyme-like action. Mesenterocin 5 did not show lysozyme-like action on M.
lysodeikticus, while lysozyme produced a prominent and clear zone of lysis (data not shown).
Bacteriocin production. The activity of mesenterocin 5 in MRS broth as determined by the micromethod was dependent upon the phase of bacterial growth (Fig. 2) (Fig. 3A) . The other half of the gel, overlaid with the indicator strain, showed a large inhibitory zone produced exclusively by bacteriocin from the parent, L. mesenteroides UL5 (Fig.  3B) , corresponding to an apparent molecular mass of about 4.5 kDa. Proteins in the other bands exhibited no antimicrobial property. However, gradient SDS-PAGE did not permit identification of a specific protein band for the active bacteriocin of L. mesenteroides UL5, since L. mesenteroides UL5 and L. mesenteroides UL5-A gave similar protein profiles on the gel stained with Coomassie blue (Fig. 3A) . DISCUSSION L. mesenteroides UL5 has been shown to produce a proteinaceous substance with antibacterial activity. This bacteriocin, named mesenterocin 5, demonstrated a bacteriostatic but not bactericidal effect on bacteria tested over an incubation period of 18 h. The micromethod was more rapid and economical than classical methods and was developed originally to test the antimicrobial activities of disinfectants (10) . The micromethod is accurate and reproducible and could be used to evaluate the activities of other bacteriocins.
In comparison with ammonium sulfate precipitation, ultrafiltration was a more convenient and efficient method to concentrate samples and excluded nonspecific inhibition by organic acids.
Mesenterocin 5 was secreted from cells principally during the late exponential phase of growth. The activity dropped sharply during the early stationary phase. A similar activity pattern without pH control has been obtained for a bacteriocin produced by a strain of Streptococcus thermophilus (6) , but no decline in activity was observed over a 24-h growth period in the cases of Lactobacillus sp. (30) and Streptococcus lactis (20) . Preliminary experiments with the pH controlled at 5.0 did not show this large decrease in bacteriocin activity during the stationary phase, suggesting that pH has an effect on bacteriocin stability and activity.
SDS-PAGE was able to detect the bacteriocin activity produced by L. mesenteroides UL5, to determine its apparent molecular weight, and to demonstrate that the activity was absent in mutant strain UL5-A. This method allowed detection of the bacteriocin at about 4.5 kDa but did not reveal a specific band for the active bacteriocin with Coomassie blue staining. Additional studies should be undertaken to purify and characterize this compound.
Unlike other results (28) , loss of the bacteriocin production gene in the mutant strain was not associated with loss of bacteriocin immunity. These results indicate that the genes responsible for production and immunity are not genetically linked in L. mesenteroides UL5. The mesenterocin reported in this study possesses several advantages over other bacteriocins. L. mesenteroides is already used in Swiss-type cheese (7) , and a metabolite secreted by this bacterium should therefore be acceptable for use in other foods. The spectrum of target bacteria against which the bacteriocin is effective is interesting. Among the bacteria tested, the pathogen L. monocytogenes and other Listeria species were sensitive, as shown with the well diffusion assay. Most of the L. monocytogenes strains were, however, resistant to the bacteriocin in the criticaldilution micromethod. Important strain differences were observed in the degree of inhibition, showing that some Listeria strains are more sensitive to mesenterocin 5 than others. A majority of lactobacillus species were unaffected under the test conditions used. Since attempts have been made to use lactobacilli and lactococci to inhibit the growth of contaminant bacteria (1, 3, 6, 14) , a combined treatment using mesenterocin 5 along with lactobacilli for a synergistic effect can be envisaged.
Bacteriocins have attracted the attention of the food industry as potential natural food preservatives against several spoilage bacteria and pathogens (8, 9) , and a number of bacteriocins with a spectrum of activity covering several target bacteria have been cited, including some recent examples of bacteriocins produced by lactic acid bacteria that are effective against L. monocytogenes (4, 16, 17, 23) . Bacteriocins elaborated by bacteria generally regarded as safe are thus becoming attractive as food additives.
